The National Security Technologies, LLC, Remote Sensing Laboratory has recently used an array of six smallfootprint (1-inch diameter by 3-inch long) cylindrical crystals of thallium-doped sodium iodide scintillators to obtain angular information from discrete gamma ray-emitting point sources. Obtaining angular information in a near-field measurement for a field-deployed gamma sensor is a requirement for radiological emergency work. Three of the sensors sit at the vertices of a 2-inch isosceles triangle, while the other three sit on the circumference of a 3-inchradius circle centered in this triangle. This configuration exploits occlusion of sensors, correlation from Compton scattering within a detector array, and covariance spectroscopy, a spectral coincidence technique.
INTRODUCTION
The current work, funded by the Site-Directed Research and Development program, aimed to develop a prototype detector capable of quickly determining the relative direction of a point source of gamma radiation. The anisotropic solid angle subtended by large-aspect ratio detector elements can be exploited to determine the direction from which radiation originated. By employing multiple identical detector elements in combination it is possible to reduce the system's sensitivity to changes in uniform background radiation, thus eliminating the need for constant background monitoring, which is a nuisance in a mobile detection system. Substantial testing performed using prototype detector arrays indicate angular resolutions of approximately one degree in near field measurements (within 3 meters of the source).
BACKGROUND
At a fixed position relative to a source, the count rate in a detector depends on three major factors: (1) the geometric solid angle Subtended, (2) the efficiency for radiation absorption, and (3) the amount of absorbing material between the detector and the source. Not much can be done in regard to the third factor when attempting to determine the location of a point source; however, if the detector has an efficiency of order unity (for example, 0.5-0.7), the count rate becomes primarily dependent on the solid angle. In this limit, it is theoretically possible to define a quantity that uniquely specifies the direction of the maximum count rate in the full 360-degree range. This concept could also be widely applicable and might be fruitfully employed in either aerial or mobile contexts. Furthermore, in the future, this method might be tailored for neutron detection, although the diffuse nature of typical neutron sources could introduce additional complications. By using an array of detectors, each subtending a different solid angle relative to a potential point source, the source direction could be uniquely determined. In the end, three matched sets of detector elements were required for this unique determination. Each detector set generates an asymmetry, and we define the number of counts in each of the two paired detectors as N 1 and N 2 . The asymmetry for a pair of gammaray detectors is defined as A n = (N 1 -N 2 )/(N 1 + N 2 ). Although this asymmetry is multi-valued, increasing the number of matched sets creates additional asymmetries that can be exploited to a uniquely determined angle. We exploited this asymmetry function variation with angle relative to the source for a multiple number of detector arrays-3-, 4-, 6-and 9-element arrays were tested with detectors of various sizes and using different detection media. We used ordinary photomultiplier tubes (PMTs) for 2″ × 2″ NaI: Tl scintillators, used solid-state PMTs for the 9-element CsI: Tl crystals, and a Hamamatsu position-sensitive multi-anode PMT (PS-MA-PMT) with 4-element CsI: Na crystals. The data sets are described in Section 5.
MCNPX MODELING AND CALCULATIONS
The Monte Carlo N-Particle (MCNP) simulation code 1 was used to obtain gamma energy spectral and gross gammaray count rates from detectors under different geometric settings using nominal 100 Ci check sources ( 137 Cs, 60 Co, 241 Am). MCNP is a general-purpose code that can be used to model neutron, photon, electron, or coupled neutron/photon/electron transport. MCNP is useful in simulating applications such as radiation protection and dosimetry, radiation shielding, radiography, medical physics, nuclear criticality safety, detector design and analysis, nuclear oil well logging, accelerator target design, fission and fusion reactor design, decontamination, and decommissioning. The code treats an arbitrary three-dimensional configuration of materials in geometric cells bounded by first-and second-degree surfaces and fourth-degree elliptical tori. Figure 1 shows a 4-element CsI:Tl crystal array, and Table 1 shows the location calculations of the source for different angles between the source and the detector center. EXCEL calculations for the source placement/location of the 4-element detector are plotted in Figure 2 . Detector center is origin (e.g., 0 0 0) and source location is in the X-Y plane (e.g., Z = 0). NOTE: X-Y-Z values are shown in blue. These X-Y-Z coordinates are specified in separate MCNPX simulations within the SDEF card definition. 
4-Element CsI:Tl Detector System

Source Energy: SDEF ERG = D1
To simulate a 241 Am, 137 Cs, and 60 Co source, each of 100 mCi strength, the following basic prescription was used:
1. Obtain basic x-ray (daughters, alpha emissions, etc.) photon per yield and energy line data for each isotope from the Lawrence Berkeley Laboratory website http://ie.lbl.gov/education/isotopes.htm. This information was also conveniently formatted and saved in simple Excel CSV listed formatted files from the DOE laboratory (LANL and SNL) PeakEasy maintained software. 2. The energies were divided by 1000, combined, and sorted from smallest to largest to represent the MCNPX SI (source information) card. 3. The photon yields were also combined and associated with respective energies to represent the MCNPX SP (source probability) card. This and the SI card definitions in its completeness represents the D (distribution) card energy distribution definition.
Tallies
F8 or pulse-height detectors were used to tally and estimate observed detectable counts in each crystal detector. There are 3.7e10 10 disintegration per second (dps) per 1 curie. So for 100 µC source activity, the tally for each crystal is multiplied by 3.7e6 to estimate each detector count per second. Also, to simulate the CsI:Tl energy resolution response of approximately 7% (e.g., 0.07 E at FWHM at the 137 Cs 0.662MeV energy line), the MCNPX GEB or Gaussian Energy Broadening modifying card was used in conjunction with each F8 pulse height detector as f8:p (2<6[1,1,0]<8) ft8 GEB -0.00789 0.07 0.21159
The tally structure above is typical of universe-filled lattices; the CsI:Tl elemental component is "2" and it is 1 of 4 lattice world-like elements within "6" which is filled by structure "8". NOTE: when developing the 4-, 6-, and 9-element detectors with duplicate repeated like elements, constructing MCNPX decks with LIKE-BUT and/or LATTICE-FILL is a very convenient, powerful and flexible feature for simulating these types of problems. 
9-Element and 6-Element CsI:Tl Detector Systems
The 9-element array of CsI:Tl crystals, in which each element measured 16 × 16 × 20 mm, was placed in a closepacked configuration, as shown in Figure 3 . The asymmetry function as a function of angle for this detector is shown in Figure 4 . The 6-element array was of different configuration (not close packed). The 6-element detector was designed to see if occlusionn helps determining the source location better as it passes from the direct view of one detector to that of the next element in the array. The detector configuration is shown in Figure 5 . 
EXPERIMENTAL METHODS
Spectral and gross count data from each individual sensor were collected from the elements of an array. A 3-element 2″ × 2″ NaI:Tl array in a laboratory setting is shown in Figure 7 . The asymmetry function calculated as the angle between the source and the detector center changes is plotted in Figure 8 . The angular position can be fairly accurately determined from a linear relationship with a high degree of accuracy. 
Covariance Gamma-Ray Spectroscopy
The experimental methods of covariance spectroscopy utilize fluctuations in signals to uncover information encoded in correlations which are usually lost when signal averaging occurs. In gamma ray spectroscopy the technique could be thought of as a generalization of the coincidence technique with user selectable coincidence time windows. The method is gaining applications in extracting signal from uncorrelated noise, in separating overlapping spectral peaks, t identifying escape peaks, to reconstructing spectra from Compton continua, and generating unique secondary spectral fingerprints. 2 The analysis of data involves processing second-order moments of data to obtain information that is usually absent from average spectra. Correlations and fluctuations in data reveal information on gamma-ray sources, transport media, and detection systems. Gaining access to the extra information can help to untangle complicated spectra, uncover overlapping peaks, accelerate source identification, and even sense directionality. Correlations existing at the source level are particularly valuable because many radioactive isotopes emit correlated gammas and neutrons. This helps to identify gamma emitters with cascading photon energies. Correlations also arise from interactions within detector systems, and from scattering in the environment. In particular, correlations from Compton scattering and pair production within a detector array can be usefully exploited in scenarios where direct measurement of source correlations would be unfeasible. 3 We have employed covariance gamma spectroscopy measurements from a 6-element array in which list mode spectral data were recorded from each of the six NaI: Tl sensors of 2″ × 2″ dimensions, and then selectively brought in coincidence with user-selectable windows of coincidence. The detector system used is shown in Figure 5 . The data obtained from using a 100 µCi 137 Cs source at a distance of 3 meters are shown in Figure 9 . Figure 9 depicts the 2-D plot of the gamma energy deposited in two adjacent scintillators, Figure 10 shows the crosstalk between the same two detectors in the form of 1-D energy spectrum, and Figure 11 accentuates the difference in terms of gamma energy of the photons taking one path A to B compared to the reversed pathway (B to A) where A and B are two detectors. Energy difference (k&4 1.14.4111
MEASUREMENTS AND RESULTS
400 600 800 to a scattering angle, and consequently the covariance band of the crosstalk is asymmetric. That asymmetry can be used to infer the Compton angle, and consequently the direction from which the gamma arrived.
Directional information is contained within the correlations between the spectra (Figure 10) . Summed signals over a long time in case of, standard gamma energy spectra average away most, if not all, of that information, so the average signals of the two detectors look very similar. The covariance of the crosstalk, however, recovers information from the Compton continuum, and this figure shows how much correlated signal can be extracted from the Compton continua. Figure 10 . Covariance of crosstalk between two adjacent scintillators. The blue line represents the average pulse height spectrum summed over a period of time for the first scintillator, the green line represents the same for the second scintillator, whereas the pink line represents the crosstalk effect between the two scintillators. Figure 11 . The summed covariance is shown as a function of difference in energies deposited in two adjacent scintillators Figure 11 is a plot of the Compton crosstalk covariance band seen in Figure 9 . The asymmetry is clearly evident, and the two bumps are due to the two scattering paths that gamma rays may take. One path has the gamma scattered from detector A to detector B (scatter angle = theta). The other path has the scatter occur from detector B to detector A (scatter angle = pi-theta). The asymmetry allows both paths to be combined into a single angle analysis.
CONCLUSION
We have designed and constructed a working directional, man-portable gamma detector. This detector is not sensitive to variations in source distance, background count rates, polar angle, or photon energy. Summed, the detector elements function as a sensitive, azimuthally symmetric gross count detector. This technique will generally apply to a wide range of detector geometries and types, including neutron detection. The asymmetries of various paired detector geometries were modeled. The directional method proved relatively robust against the variations in geometry; this unexpected result was the key to making the generic detector approach useful. The robustness of the method was confirmed by every pair of detectors measured. Each detector system would require that a lookup table be generated if that level of angular accuracy were determined to be useful to the application in question.
